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ABSTRACT
We present ALMA observations of the 880 µm continuum and CO J= 3-2 line emission from the
transition disk around [PZ99] J160421.7-213028, a solar mass star in the Upper Scorpius OB asso-
ciation. Analysis of the continuum data indicates that 80% of the dust mass is concentrated in an
annulus extending between 79 and 114AU in radius. Dust is robustly detected inside the annulus, at
a mass surface density 100 times lower than that at 80AU. The CO emission in the inner disk also
shows a significantly decreased mass surface density, but we infer a cavity radius of only 31AU for the
gas. The large separation of the dust and gas cavity edges, as well as the high radial concentration of
millimeter-sized dust grains, is qualitatively consistent with the predictions of pressure trap models
that include hydrodynamical disk-planet interactions and dust coagulation/fragmentation processes.
Keywords: Stars: pre-main sequence; planetary systems: protoplanetary discs; submillimeter: stars
1. INTRODUCTION
Planets form in the disks orbiting young stars, but the
paths by which the primordial gas and dust accumulate
into planetary bodies remain unclear. The capabilities
of new optical, infrared, and (sub)-millimeter telescopes
can place constraints on the planet formation process
by mapping the gas and dust emission of planetary sys-
tems in the act of formation. Transition disks, defined
by their significantly reduced infrared emission at wave-
lengths <8µm compared to the median disk emission
(Strom et al. 1989; Wolk & Walter 1996), are of partic-
ular interest. The relative lack of infrared emission im-
plies the absence of warm dust in the innermost disk.
This dust depletion might be a manifestation of the
early stages of planet formation as a result of the dy-
namic interactions between the disk and forming giant
planets (Lin & Papaloizou 1979; Artymowicz & Lubow
1994), but other mechanisms can suppress near-infrared
dust signatures without the presence of planets, such
as a decrease in the dust opacity due to grain growth
(e.g., Strom et al. 1989; Dullemond & Dominik 2005) or
disk photoevaporation driven by stellar radiation (e.g.,
Clarke et al. 2001; Alexander et al. 2006a).
The three mechanisms outlined above can reproduce
the infrared Spectral Energy Distributions (SEDs) char-
acteristic of transition disks (Alexander et al. 2006b;
Birnstiel et al. 2012; Alexander 2014), but make different
predictions about the relative spatial distributions of the
gas and dust. In the planet-disk interaction scenario, the
gaseous disk is expected to be truncated near the planet
orbital radius. Depending on the viscous properties of
the disk, dust grains larger than a few millimeters in size
are expected to decouple from the gas and concentrate in
a narrow ring with a radius larger than the gas trunca-
tion radius (Zhu et al. 2012; Pinilla et al. 2012). In the
grain growth scenario, the drop in infrared opacity is due
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to the coagulation of sub-micron grains into larger bod-
ies, but the gaseous disk should extend inward down to
a few stellar radii. Finally, disk photoevaporation pref-
erentially removes the gaseous disk and sub-micron sized
grains entrained in the gas flow. The inner edge of the
gas disk moves steadily outwards and the strong inward
pressure gradient at the evaporation radius drives all dust
grains smaller than a few millimeter size outwards. As
a result, the grains are swept up by the moving edge of
the gas disk. In this case, the truncation radius of the
gaseous and dusty disk components are expected to be
similar, and some large grains (≥ cm-sized) might be able
to survive inside the gas-free regions if not removed by
other means (Alexander & Armitage 2007).
High spatial resolution images of the gas and dust emis-
sion are thus key to investigating the nature of transi-
tion disks. Sub-millimeter observations are particularly
valuable since the dust continuum traces the distribu-
tion of millimeter-sized dust grains while molecular line
emission traces that of the gas. Sub-arcsecond contin-
uum images obtained for the brightest transition disks
have revealed large cavities and, in some cases, azimuthal
asymmetries in the distribution of millimeter-sized grains
(Pie´tu et al. 2007; Brown et al. 2008; Hughes et al.
2009; Isella et al. 2010; Andrews et al. 2011; Isella et al.
2012; Casassus et al. 2013; van der Marel et al. 2013;
Isella et al. 2013; Pe´rez et al. 2014). The CO emis-
sion has been imaged at high angular resolution in only
a few cases and reveals that molecular gas is present
in the dust cavity (Pie´tu et al. 2007; Isella et al. 2010;
Casassus et al. 2013; Pe´rez et al. 2014; Bruderer et al.
2014). However, the limited sensitivity and angular res-
olution of existing observations, and the large optical
depth of low-J CO transitions, have so far hampered
a detailed comparison between the gas and dust spatial
distributions.
In this paper, we present 880µm ALMA observations
of the [PZ99] J160421.7-213028 (henceforth J1604-2130)
transition disk that resolve the dust continuum and
molecular gas emission on subarcsecond angular scales.
J1604-2130 is a member of the Upper Scorpius OB as-
2sociation at a distance of 145pc (de Zeeuw et al. 1999),
with a spectral type of K2, a stellar mass of 1.0 M⊙ and
an estimated age between 5 and 11Myr (Preibisch et al.
2002; Pecaut et al. 2012). The disk is the most massive
known around K-M type stars in the Upper Scorpius
OB association (Mathews et al. 2012; Carpenter et al.
2014) and has one of the largest cavities reported in
continuum emission – R∼72AU, as revealed by 880µm
SMA observations (Mathews et al. 2012). The SMA ob-
servations also suggest that the CO J=3-2 distribution
that may extend closer to the star than the millimeter-
emitting dust. Our ALMA observations achieve substan-
tially higher signal-to-noise ratios compared to the SMA
observations to place stringent constraints on the spatial
distributions of gas and dust in J1604-2130.
This paper is organized as follows. The observations
and data calibration are presented in Section 2. Section 3
discusses the morphology of the dust and gas emission.
The ALMA data are compared to the predictions of the-
oretical models for the disk emission in Section 4, and
the results of the model fitting are presented at the end
of the same section. In Section 5, we discuss the nature
of the J1604-2130 transition disks and a summary of the
main results follows in Section 6.
2. OBSERVATIONS
The observations of J1604-2130 were carried out on
28 August 2012 as part of the ALMA cycle 0 project
2011.0.00526.S (Carpenter et al. 2014) with 28 12-meter
antennas. The total integration time on J1604-2130 was
315 seconds. Baselines ranged from 21 to 402m (23-
457kλ). The spectral setup consists of four windows cen-
tered at 345.77, 347.65, 335.65, and 333.77GHz, respec-
tively, each providing a total bandwidth of 1.875GHz in
488 kHz (0.42 km s−1) channels. The data are Hanning
smoothed, so the spectral resolution is twice the individ-
ual channel width.
Reduction and calibration of the data were performed
using the Common Astronomy Software Application
(CASA) version 4.1 (McMullin et al. 2007). Quasar
J1625-2527 was observed before and after the on-source
integrations for phase calibration. Short-term phase vari-
ations were corrected using the on-board water vapor
radiometers, and the visibilities were self-calibrated on
the continuum emission of the science source to reduce
atmospheric decoherence. The bandpass was calibrated
with the radio sources J1751+0939 and J1924-292, and
the visibility amplitude scale was calibrated from obser-
vations of Titan with an estimated uncertainty of ∼10%.
For each uv point, we fitted the visibilities of each spec-
tral window with a power-law (Fν ∝ να). We then sub-
tracted the best-fit result from the data, and measured
the variance (σ2) in the residual; 1/σ2 is used as the
weight of each uv point.
Four lines are detected: COJ=3-2 (345.795GHz),
H13CO+ J=4-3 (346.998GHz), H13CN J=4-3
(345.339GHz), and HN13C J=4-3 (348.340GHz).
Continuum emission from J1604-2130 was extracted
from the total 7.5GHz coverage by combining the
line-free channels from all four windows after flag-
ging the edge channels. The spectral lines were first
continuum-subtracted in the uv domain, and the com-
posite visibilities then Fourier inverted, deconvolved
with the CLEAN algorithm using natural weighting, and
restored with a synthesized beam of size 0′′.73×0′′.46
(106×67AU at 145pc). The beam major axis position
angle is 105◦ east of north. Here we focus on an
analysis of the dust continuum and CO data because
the optically thick CO emission better traces the full
radial extent of the gaseous disk.
3. RESULTS
Figure 1 presents the 880 µm synthesized continuum
image of J1604-2130 along with the real and imagi-
nary visibilities. The continuum image shows a resolved
“ring” morphology, characterized by a radius of about
0.′′6, or 90 AU at 145pc. The continuum flux density
integrated over a central 4′′ square box is 226±1mJy
(with 10% absolute flux uncertainty). Mathews et al.
(2012) reported a lower continuum flux of 165±6 mJy
(20% absolute flux uncertainty) from SMA observations
by integrating all flux above a 2σ contour. Using an in-
tegration region similar to that in Mathews et al. (2012),
we obtained a total flux of 202mJy, consistent with the
SMA result within the absolute flux uncertainties. The
high signal-to-noise (S/N) ALMA image allows the in-
clusion of weaker emission from the outer disk, and is
therefore a more accurate measure of the integrated con-
tinuum flux density. The synthesized continuum image
has an rms noise level of 0.18mJy beam−1, yielding a
signal-to-noise ratio of >200.
The radial profile of the real visibilities shows two nulls
at 120kλ and 300kλ, respectively. The amplitudes of
the first and second lobe are about 30% and 13% of the
intensity on the shortest baselines, indicating a sharp
transition in the radial surface brightness profile. Similar
structure is seen in the SMA observations of J1604-2130
but with a lower amplitude, suggesting a smoother ra-
dial profile. The difference in morphology between the
ALMA and SMA observations is possibly due to the fact
that the higher sensitivity of ALMA observations allowed
self-calibration to be applied to the data, reducing the
de-correlation caused by atmospheric turbulence.
The radially averaged imaginary visibilities show val-
ues consistent with zero up to about 400 kλ, implying
that the continuum emission is symmetric on angular
scales as small as 0.′′5. Note that the apparent double-
lobed morphology in the continuum map is due to the
elliptical shape of the beam, and not to an intrinsic asym-
metry in the dust emission. A slight deviation from az-
imuthal symmetry is observed on the longest baselines,
where the imaginary visibilities reach values near 10 mJy,
and in the continuum image, where the northern peak is
∼10% brighter than its counterpart to the south.
An overview of the CO J = 3-2 data is provided in
Figure 2. The line channel maps in the first row show
clear signatures of rotation, with emission firmly detected
(>5 σ) over a narrow velocity range between 3.46 and 6
km s−1 due to the nearly face on geometry. We mea-
sure an integrated intensity of 21.4±0.2Jy km s−1 over
a central 6′′ square box, consistent with CO 3-2 line
flux from single dish observations of 21.7±0.8Jy km s−1
(Mathews et al. 2013) but 4.1× larger than that reported
by the SMA (Mathews et al. 2012), for which the line
flux was calculated by summing over only those regions
with a signal-to-noise ratio>2. The higher S/N of the
ALMA image allowed CO J=3-2 emission to be detected
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Figure 1. (a) 880 µm continuum map of J1604-2130. The synthesized beam, shown at lower left, has a FWHM of 0.′′73×0.′′46, while
the wedge marks the conversion from color to surface brightness. The rms noise level is 0.18mJy beam−1. (b) Azimuthally averaged real
part of the correlated flux as a function of deprojected baseline length, calculated by assuming a disk inclination of 6◦ and a position angle
of -13◦(Mathews et al. 2012). (c) Azimuthally averaged imaginary part of the correlated flux as a function of deprojected baseline length.
over an extended region of the disk which contains a sig-
nificant fraction of the total flux.
In the second row of Figure. 2 we display the CO J
= 3-2 zeroth (a) and first (b) moment maps, the depro-
jected visibility profile (c) and the spatially integrated
spectrum (d). Similar to the continuum emission, the
CO J= 3-2 momentum zero map shows a double-lobed
morphology, which indicates an inner cavity in the CO
emission, but the peak-to-peak separation in CO (a pre-
liminary indication of the inner ring radius) is notice-
ably smaller than that of the continuum emission. The
CO emission is also more diffuse than the continuum,
extending to ∼290AU in radius. Fig. 2(c) displays the
deprojected CO visibility profile (integrated across the
line shape). Compared to the continuum, the null in the
visibility profile occurs at a longer baseline length and
the side lobes are less prominent, indicating a smoother
CO brightness distribution.
The CO J=3-2 moment zero map shows depressed
emission in the inner ∼0.′′3, which could in principal
be explained either by a depleted gas surface density or
temperature variations. We argue that temperature vari-
ation is unlikely to be the case here. Extremely cold
gas inside of 30 AU is physically implausible. For hot
gas inside this radius the resulting excitation can indeed
produce an optically thin J= 3-2 transition, but we do
not detect any CO rovibrational emission at 4.7 µm with
Keck NIRSPEC (probing gas temperature > 300K, e.g.
Salyk et al. 2009). This rules out the possibility of a sig-
nificant high temperature CO reservoir in the inner disk.
Since CO and H2 can survive the intense UV radiation
in the cavities of transition disks down to a gas surface
density of 10−4 g cm−2 (Bruderer 2013), we assume CO
coexists with H2. We thus consider the most likely case
for the depressed CO emission is that the gas is largely
depleted inside the cavity.
4. MODELING ANALYSIS
The goal of this section is to model the continuum and
CO emission from the disk around J1604-2130. Because
of differences in optical depths, these two tracers probe
different regions of the disk. At the typical densities
of circumstellar disks, the millimeter-wave dust emission
is typically optically thin and therefore traces the dust
density and temperature in the disk mid-plane. In con-
trast, the CO emission is expected to be optically thick
and therefore traces the gas temperature at larger scale
heights. For this reason, we fit models to the dust and
CO observations in separate steps.
First, we construct a disk model that reproduces the
broadband SED composed of data from the literature
and the ALMA 880 µm continuum observations. This
enables us to constrain the dust mass surface density
and, through radiative transfer calculations, the mid-
plane temperature. Starting from the best fit model for
the dust continuum emission, we then fit the CO emis-
sion to constrain the parameters that mostly affect the
gas emission, such as the gas temperature and the com-
ponent of the gas velocity along the line-of-sight.
4.1. Dust emission: model description
We adopt a model for the mass surface density of the
dusty disk similar to that presented in Mathews et al.
(2012), which is briefly summarized here. In order to re-
produce the the disk SED and ALMA observations with
a minimum number of free parameters, we construct a
disk model composed of the three radially distinct regions
(see Figure 3). The outermost disk region, at R > Rcav,
is described by the similarity solution of a viscous ac-
cretion disk (Lynden-Bell & Pringle 1974) adopting the
parameterization of Isella et al. (2009),
Σ(R) = Σt
(
Rt
R
)γ
×exp
{
− 1
2(2− γ)
[(
R
Rt
)2−γ
− 1
]}
,
(1)
where Rt is the radius at which the transition between
power law and exponential profiles occurs, Σt is the sur-
face density at Rt, and γ defines the slope of the surface
density profile. At Rgap < R < Rcav, the disk model has
a depleted dust region characterized by constant mass
surface density δ × Σ(Rcav), with δ <1. Finally, to ac-
count for the depressed infrared excess for λ <8 µm, the
disk region within Rgap is devoid of dust. The dust sur-
face density model is therefore defined as
Σdust(R) =
{
0, if R < Rgap
δ × Σ(Rcav), if Rgap ≤ R < Rcav
Σ(R), if R > Rcav
(2)
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Figure 2. Top row: channel maps of the CO J = 3-2 emission from J1604-2130. The contours begin at 3σ (45mJy beam−1) in each
0.42 km s−1 wide channel and are spaced by 10σ. The cross indicates the direction of the disk major and minor axes. Bottom row: The
moment 0 and moment 1 maps of CO J = 3-2 emission are shown in (a) and (b). Contours on the moment 0 map start at the 3σ level
and increase by 10σ; those on the moment 1 map are spaced by 0.08 km s−1. (c) Azimuthally averaged CO J = 3-2 emission visibilities
as a function of deprojected baseline length, integrated over the seven channels plotted in the upper row. (d) CO J = 3-2 spectrum of
J1604-2130 integrated over a central 6′′×6′′box.
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Figure 3. Dust surface density model. The disk is divided into
three regions: the outer disk (R> Rcav) follows a similarity solu-
tion, while the surface densities inside the cavity ( Rgap < R <
Rcav), are scaled down by a factor of δ compared to the outer disk.
The innermost region of the disk ( R < Rgap) is empty.
The vertical dust density profile is a Gaussian
ρ(R,Z) =
Σd(R)√
2pih(R)
e
−
z2
2h2(R) (3)
in which the scale height h(R) varies with radius as
h(R) = h0(R/R0)
1+φ. We set the reference radius R0
to 100AU. We choose to parameterize the scale height
instead of assuming hydrostatic equilibrium because the
vertical distribution of millimeter grains and gas may dif-
fer due to the settling of large dust grains toward the disk
mid-plane (D’Alessio et al. 2001).
We assume a dust population of astronomical silicates
and carbonaceous grains, with optical constants as in
Draine (2003) and Zubko et al. (1996), respectively, and
at relative abundances as in Pollack et al. (1994). Single
grain size opacities are calculated using Mie theory un-
der the assumption of spherical grains. The single size
grain opacities are then integrated over the grain size
distribution n(a) as described in Miyake & Nakagawa
(1993). We assume a power-law grain size distribution,
n(a) ∝ a−3.5, from amin= 0.005 µm to a given amax.
After defining the properties of the dusty disk, we cal-
culate the dust temperature and the corresponding emis-
sion using the 2D Monte Carlo radiative transfer code
RADMC (Dullemond & Dominik 2004), where the stel-
lar radiation field is calculated assuming Teff = 4550K,
R⋆ = 1.41R⊙, and M⋆ = 1 M⊙ (Preibisch et al. 2002).
In summary, the model for the dust continuum emis-
sion has 11 free parameters: three that describe the gap
and cavity of the transitional disk {Rgap, Rcav, δ }, three
that define the surface density in the outer disk {Σt, Rt,
γ}, two that characterize the vertical density distribution
{h0, φ}, two that define the orientation of the disk on the
sky, i.e., inclination and position angle {i, PA}, and one
(amax) that defines the maximum dust grain size.
4.2. Dust emission: fitting procedure and results
Obtaining the best fit model by exploring an 11-D pa-
rameter space is computationally challenging. Instead,
5we reduce the dimensionality of the problem by taking
into account the fact that the disk SED and the spatially
resolved 880 µm dust continuum observations probe two
nearly independent sub-sets of model parameters.
The disk infrared emission is optically thick and mainly
probes the disk temperature, which depends on the verti-
cal profile of the disk through the parameters h0, φ, and
Rgap (e.g., D’Alessio et al. 2006). At (sub-)millimeter
wavelengths, the disk emission is optically thin and its
spectral slope depends on the dust opacity, which, in our
model, is controlled by the maximum grain size amax
(see, e.g., Testi et al. 2014). In particular, the optically
thin 880µm emission profile probes the surface density of
millimeter-sized grains, as defined by the parameters Σt,
Rt, γ, Rcav, and δ. Finally, observations of the molecular
line emission are the best tracer of the disk orientation.
We therefore assume a disk inclination of 6◦ and a posi-
tion angle of 77◦, as derived from the analysis of the CO
emission presented in Section 4.4.
To find the disk model that best reproduces the dust
emission observations, we first use the slope of the mil-
limeter SED to constrain the maximum grain size amax.
In the optically thin case, the slope of the dust opacity
β is related to the slope of the flux, α, by the relation
α = β+2. In the case of J1604-2130, α = 3.2±0.2, lead-
ing to β = 1.2 (Mathews et al. 2012). This corresponds
to a maximum grain size of about 0.05mm for the dust
composition and grain size distribution discussed above.
The dust opacity at 880 µm is 7.26 cm2 g−1.
We then use the Levenberg-Marquardt χ2 minimiza-
tion algorithm (LM) to search for the optimum values of
h0, φ, and Rgap by comparing the synthetic disk emis-
sion with the measured SED between 1-200µm. We note
that the IRAC photometric data for J1604-2130 are dis-
crepant from its IRS spectra and the WISE photome-
try results between 3 and 16 µm (Carpenter et al. 2006;
Dahm & Carpenter 2009; Luhman & Mamajek 2012).
This discrepancy might suggest variability in the IR
disk emission as observed, e.g., in the case of LLRL 31
(Muzerolle et al. 2009). Taken at face value, the near-
IR excess suggested by the WISE photometry is well fit
with an optically thick ring of dust at the temperature
of 1500K extending from 0.043AU to 0.049AU, where
the former radius is the dust evaporation radius for a
star with the properties of J1604-2130 (Isella et al. 2006).
Such a warm dust component so close to the star would
be distinct from the cool outer disk, whose dust emission
peaks at 100 µm. Thus, fitting the IRAC data only, as
was done in Mathews et al. 2012, should have little effect
on other disk parameters except Rgap.
In either case and as discussed above, the infrared SED
is insensitive to the exact value of the disk surface density
provided the disk is optically thick to stellar radiation.
In this step we therefore assume the surface density used
by Mathews et al. (2012). We show the best fit model for
the SED in Figure 4, for which Rgap = 14.6±2.5AU, φ
= 0.6±0.1, and h100AU = 4.0±0.2AU. Fitting the WISE
photometry with an optically thick blackbody compo-
nent results in a larger Rgap = 26.5±2.8AU, closer to
that derived from CO (discussed in Section 4.4).
As second step, we compare synthetic 880µm images
to the ALMA observations to constrain Σt, Rt, γ, Rcav,
and δ. To make a fair comparison with previous work on
transition disks, we adopt γ = 1 (Andrews & Williams
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Figure 4. Spectral energy distribution and model (see text) for
J1604-2130. The red line shows a Kurucz model atmosphere
normalized to the optical and near-IR photometry. The circles
are photometric data as follows: the B and R photometry are
from USNO-A2.0 (Monet 1998), V photometry is from NOMAD
(Zacharias et al. 2005) and I photometry is taken from the DENIS
catalogue (DENIS Consortium 2005). The BVRI data have been
de-reddened with Av = 0.66 (Carpenter et al. 2014). The 2MASS
J,H,K measurements are from Cutri et al. (2003); Spitzer 4.5,
8 and 16 µm photometry is published in Carpenter et al. (2006).
The green open circles are photometry data from WISE cata-
log. The discrepancy between the WISE and IRAC photome-
try is discussed in the text. The IRS spectra (Orange) is taken
from Dahm & Carpenter (2009). The MIPS 24 µm photometry is
from Carpenter et al. (2009) while the PACS 70, 100 and 160 µm
data are from Mathews et al. (2013). The 880 µm data point is
based on this work. The 1.2mm point and 2.6mm fluxes are from
Mathews et al. (2012). The solid black line is the best fit model to
the star+disk system.
2007; Andrews et al. 2011).
We will discuss the effect that this choice has on the
results in § 4.5.
The model fitting is performed in the Fourier domain
adopting the procedure discussed in Isella et al. (2009).
In brief, the synthetic image is Fourier transformed to
calculate the synthetic visibilities on a regular uv grid,
which are then interpolated at the uv coordinates sam-
pled by the ALMA observations. The χ2, defined as
χ2 =
∑
i
[(Reoi − Remi )2 + (Imoi − Immi )2] · woi , (4)
is used as the likelihood estimator. In Equation 4, Re
and Im are the real and imaginary part of the complex
visibilities; the upper-case “o” means observation and
“m” stands for model. The weight w is calculated as
described in §2.
We adopt a hybrid method of Levenberg-Marquardt χ2
minimization algorithm (LM) and Markov chain Monte
Carlo (MCMC) approach (Pie´tu et al. 2007; Isella et al.
2009). The LM algorithm is first used to search for the
best fit values, from which the MCMC code is used to
obtain probability distributions around the LM best fit
parameters. In practice, we launch 150 independent LM
algorithms with random initial values to avoid local min-
6Table 1
Disk parameters derived from 880 µm continuum
and CO J = 3-2
Dust disk parameters reduced χ2 = 2.02
Cavity radius Rcav (AU) 78.8±0.1
Depletion factor log(δ) -1.86±0.03
Surface density Σ (Rcav) (g cm−2) (9.4±0.1)×10−2
Transition radius Rt (AU) 10.6±0.2
CO parameters reduced χ2 = 1.02
Cavity radius RCO (AU) 31.2±0.3
Turbulence factor ξ 0.25±0.01
Temperature at 100AU T0 (K) 45.8±0.2
Temperature index q -0.64±0.01
Position angle PA (◦) 76.8±0.5
Note. — The errors are 1σ uncertainty.
ima. Most searches end up with very similar values.
Then, we carry out 10 independent MCMC calculations
starting at the medium value of the best fit LM searches.
A total number of 5×104 models were run.
Table 1 lists the best fit values for the dust continuum
model, which is compared to the ALMA 880 µm contin-
uum data in Figure 5. Panel (a) shows the azimuthally
averaged visibilities, while panels (b - d) display the con-
tinuum image, model and residual. The residual image
is produced by subtracting the model visibilities from
those observed, and then imaging the results following
the same procedure used for the observations. Low level
residuals (∼5σ) exist on the west side of the disk and
suggest an azimuthal variation in the dust density or
temperature of <
∼
10%.
We find that the dust cavity radius is about 79 AU.
Within this radius the dust is depleted by almost two
orders of magnitude. The surface density at the cavity
edge corresponds to an optical depth of 0.7, and the total
mass in dust is 0.16MJup. The transition radius, Rt (see
Eq. 1), is much smaller than the cavity radius, imply-
ing the dust surface density at the position of the ring
decreases nearly exponentially with radius. As a result,
the dusty ring is very narrow, with approximately 80%
of the mass contained between 79AU and 114AU.
4.3. CO emission: model description
The model used to analyze the ALMA 12CO J=3-
2 spectral line observations is similar to that presented
in Isella et al. (2007). At the typical densities of pro-
toplanetary disks, the rotational transitions of CO are
optically thick and therefore trace the temperature of
the layer characterized by τCO ∼1 (Beckwith & Sargent
1991, 1993; Dutrey et al. 1996; Isella et al. 2007). Chem-
ical models of disks and direct observations suggest
that the optically thick CO layer is located far above
the mid-plane, where the gas density is low and the
collisions between dust grains and CO molecules are
rare (Woitke et al. 2009; Walsh et al. 2012). Thus, a
proper calculation of the gas temperature requires a
fully coupled chemical and line radiative transfer model
(e.g. Kamp & Dullemond 2004; Woitke et al. 2009;
Walsh et al. 2012). Since this is beyond the scope of this
paper, we parametrize the CO temperature as a power
law, that is, TCO(R) = T0 × (R/100AU)q. Although
this choice is arbitrary, it enables us to describe the CO
temperature independently from that of the dust with a
minimum number of free parameters.
The low-J CO lines generally provide poor constraints
on the CO column density, and thus on the overall gas
content. We therefore fix the gas-to-dust mass ratio and
assume the gas and dust are well mixed. More precisely,
the gas density is obtained by multiplying the dust den-
sity of the best fit model for the continuum emission by
a constant gas-to-dust mass ratio of 100. The CO num-
ber density at each grid point of the disk is then calcu-
lated by assuming a constant CO/H2 abundance ratio
of 5×10−5 (Aikawa et al. 1996). The critical density of
the CO 3-2 transition is ∼104 cm−3 from 5-2000K (Yang
et al. 2010), a value reached in our disk model only in
regions at least five scale heights above the mid-plane.
We can thus safely assume the CO is in Local Thermo-
dynamic Equilibrium (LTE).
We allow for distinct gas and dust truncation radii as
the CO moment zero map reveals that the gas disk ex-
tends inside the cavity observed via the dust. We set an
outer edge of the CO disk as that radius where the CO
temperature reaches 17K – the condensation tempera-
ture of CO onto dust grains (Aikawa et al. 1996).
For each line-of-sight in the disk, the observed CO
line width has contributions from the different ro-
tational velocities and thermal plus turbulent broad-
ening. The thermal broadening is calculated as
Vthermal=
√
2kbTCO/mCO, where kb is the Boltzmann
constant and mCO = 28mH is the CO molecular mass.
The turbulent velocity is assumed to be equal to a frac-
tion of the local sound speed, that is, Vturb = ξcs, where
ξ is a free parameter. Finally, the gaseous disk is as-
sumed to rotate at the Keplerian velocity corresponding
to a stellar mass of 1 M⊙, and the component along the
line-of-sight is calculated by assuming a disk inclination
angle of 6◦ as measured by Mathews et al. (2012).
In summary, the model for the CO emission has five
free parameters: the CO temperature at 100 AU {T0},
the radial slope of the CO temperature {q}, the turbu-
lence velocity parameter {ξ}, the inner radius of the CO
disk {RCO}, and the position angle of the disk {PA}.
4.4. CO emission: fitting procedure and results
For any set of free parameters {T0, q, ξ, RCO, PA} we
calculate the synthetic CO J= 3-2 line emission using
the ray-tracing code RADLite (Pontoppidan et al. 2009)
under LTE assumption. The model cube is convolved to
the velocity resolution of the observations and re-sampled
at the velocity grid of the channel maps. As with the
dust continuum emission model, the synthetic CO chan-
nel maps are Fourier transformed to calculate the theo-
retical visibilities at the uv coordinates sampled by the
data. A minimization on the χ2 surface (Equation 4) is
then performed to find the best fit model.
Following the dust modeling, we start with 150 inde-
pendent LM runs and random initial values in the search.
However, the computational time required to generate
synthetic CO data cubes precludes an efficient sampling
of the four dimensional χ2 surface using a MCMC pro-
cedure. Instead, we use the Hessian matrix to derive the
the uncertainties on the model free parameters following
the method presented in Pie´tu et al. (2007).
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Figure 5. (a) Comparison of the ALMA 880 µm continuum visibility profile (black) with the synthetic model (red line) summarized
in Table 1. (b) 880 µm continuum map of J1604-2130. The cyan dashed circle indicates the truncation radius of dust cavity (Rcav). (c)
880 µm continuum model image. (d) 880 µm continuum residual map with contours indicating 5 and 10σ residuals (solid contours for
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The best fit values for the model parameters are listed
in Table 1, while the comparison between the synthetic
and observed channel maps is presented in Figure 6. We
find that the CO disk is truncated at an inner radius of
31AU, larger than the gap radius (Rgap) inferred for the
dusty disk from the SED modeling but half that of the
partially dust depleted cavity (Rcav) derived from the
spatially resolved 880µm continuum observations. Our
analysis suggests that the temperature of the CO layer
decreases with radius as r−0.64 starting from a tempera-
ture of ∼100 K at 31AU. The CO emission becomes op-
tically thin around 350AU, which sets the outer radius
of the observable CO disk. Between 80 to 200AU the
temperature of the CO layer is 20-30K higher than the
mid-plane dust temperature, consistent with our initial
assumption that the CO J= 3-2 emission mainly arises
from a warm molecular layer above the mid-plane.
The residual maps presented in Figure 6 reveal that
our model reproduces the main kinematic features of
the CO emission. Thus, the observations are consistent
with Keplerian rotation. We derive a turbulent veloc-
ity equal to ∼25% of the local sound speed, which is
within the range predicted by MHD turbulence mod-
els (Simon et al. 2011). Finally, we measure a disk
position angle of 77◦, a value consistent within errors
with that derived from SMA 880 µm continuum and
1.6 µm polarized intensity images (Mathews et al. 2012;
Mayama et al. 2012).
4.5. Uncertainties from the choice of γ
The results obtained so far assume that the disk surface
density has a radial profile characterized by γ = 1. We
relax this assumption here to assess its impact on the
resulting disk structure. To this end, we repeated the
dust continuum modeling assuming γ = 0.5 and γ = 1.5.
The best fit models for γ =0.5, 1, and 1.5 are listed in
Table 2, while Figure 7 shows the comparison with data
along with the corresponding surface density profiles and
cumulative mass distributions.
All three models provide similar quality fits to the
880 µm visibilities. As expected, we find that γ and Rt
are degenerate. Varying γ also contributes additional
uncertainty to the cavity size and depletion factor esti-
mates. Even so, the cavity size remains well constrained
under the assumption of a sharp truncation at the cavity
Table 2
Continuum model parameters for different γ
γ Rcav logδ Σ(Rcav) Rt χ2r
[ AU ] [ g cm−2 ] [ AU ]
0.5 78.2 -1.79 7.8× 10−2 22.5 2.029
1.0 78.8 -1.86 9.4× 10−2 10.6 2.024
1.5 78.0 -1.90 8.8× 10−2 1.6 2.025
edge, with an uncertainty of ∼1AU. The depletion factor
varies from 0.013 to 0.018.
More generally, the parameters vary with γ by more
than the formal uncertainties derived by the MCMC
probability distribution sampling discussed above. Thus
the uncertainties in Table 1 should be used with caution.
Nevertheless, the cumulative mass distributions of the
three best fit models suggest that 80% of the dust mass
traced by the ALMA data is concentrated in an annulus
extending from ∼ 80AU to 120 AU, a result that is in-
dependent of the exact disk mass surface density profile.
5. DISCUSSION
5.1. Comparing J1604-2130 with other transition disks
The ALMA observations reveal that J1604-2130 disk
has a large dust cavity with most of its dust mass con-
centrated in an narrow annulus (∼35AU wide) beyond
the dust truncation radius. Here we compare the mass
distribution of J1604-2130 with other transition disks.
We define a characteristic width, ∆W , by∫ Rcav+∆W
Rcav
Σ(r)×2pirdr = 0.8×
∫ +∞
Rcav
Σ(r)×2pirdr (5)
The average radius of the annulus holding 80% of disk
mass is then R=Rcav + ∆W/2. The ∆W/R ratio can
be used as an tracer of the compactness of the mass
distribution. In Figure 8(b), we compare ∆W/R for
J1604-2130 with that for the transition disks studied in
Andrews et al. (2011). The surface density in all 13 disks
was determined by analyzing resolved 880 µm continuum
visibilities using similarity solution with γ fixed at 1.
Thus, all of the results are expected to represent the mass
distributions of dust grains over similar sizes. Interest-
ingly, J1604-2130 has the largest dust cavity among the
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thirteen disks but is also the most compact as measured
via ∆W/R. It is worth to mention that some of the tran-
sition disks might actually be more compact than they
appeared since their SMA observations could be affected
by decorrelation that will spread the dust emission.
This high concentration of dust and the large cavity
radius is difficult to understand from viscous evolution
alone because an expanding disk should produce a more
diffuse mass distribution, unless a very large cavity can
be opened early in the life time of the disk, ∼105 yr
(Isella et al. 2009). On the other hand, transition disks
are clearly going through significant changes, so mecha-
nisms other than viscosity are likely to be important in
shaping the mass surface density at this particular evo-
lutionary stage. We discuss possible scenarios for the
evolution of the J1604-2130 transition disk next.
5.2. Formation of the J1604-2130 transition disk
The main result from the model fits to the dust contin-
uum and CO emission is that the radius of the gas cavity
(31AU) is roughly half that of the dust (79AU). Simi-
lar results are found in the transition disk IRS 48, where
CO shows a 20AU cavity while the dust is truncated at
∼45AU (Bruderer et al. 2014).
Such differences in the gas and dust distributions have
implications for the formation mechanisms of transitions
disks. It is known that gas exists inside the dust cav-
ity in some transition disks. Salyk et al. (2009) detected
rovibrational CO lines near 4.7 µm in nine out of four-
teen transitional disks, suggesting that high tempera-
ture gas often exists inside the cavity. Several transi-
tion disks show rotational CO emission inside dust cav-
ity, indicating that cool gas is present (e.g. Pie´tu et al.
2006; Isella et al. 2010; Tang et al. 2012; Casassus et al.
2013; Pe´rez et al. 2014). However, these observations
were unable to determine if there is a cavity/gap in gas.
Only in the case of GM Tau was CO inferred to be de-
pleted within 20AU based on the lack of high velocity
wings in the rotational transitions of CO isotopologues
(Dutrey et al. 2008).
We discuss here the possible formation mechanisms for
the J1604-2130 transition disk, using the separate trun-
9cation edges in the dust and gas along with other ob-
servational properties as constraints. We consider: (1)
grain growth inside the cavity (D’Alessio et al. 2006),
(2) mass-loss in a wind driven by photoevaporation or
magneto-rotational instability (MRI) (Alexander et al.
2006a,b; Suzuki & Inutsuka 2009), and (3) tidal interac-
tions with companions (Bryden et al. 1999; Crida et al.
2006).
Grain growth. For J1604-2130, the clear detection of a
large gas cavity indicates that grain growth is unlikely to
be the dominant clearing mechanism, because even small
amounts of gas containing CO are expected to survive
inside a cavity where dust grains have grown to large size
(Bruderer 2013). Thus, the lack of CO emission inside
of ∼ 31AU cannot be caused by pure grain growth.
Photoevaporation. Another possible mechanism for gas
and dust removal is a wind driven by photoevaporation.
However, two observational properties of J1604-2130 are
inconsistent with the predictions of current photoevapo-
ration models.
The first problem is the large separation between the
gas and dust truncation radii. Disk photoevaporation
preferentially removes the gaseous disk and sub-micron
sized grains entrained in the gas flow. The inner edge of
the gas disk moves steadily outwards and the strong in-
ward pressure gradient at the evaporation radius sweeps
up all dust grains smaller than a few millimeters in size.
Only very large grains (≥ cm-sized) might be able to sur-
vive inside the gas-free regions if not removed by other
means. In this case, the gaseous and dusty disk compo-
nents are both truncated at the inner rim of the outer
disk (Alexander & Armitage 2007). Thus, for either the
grain growth or photoevaporation scenarios it is difficult
to produce the large separation between the characteris-
tic gas and mm-sized dust radii in J1604-2130.
The second difficulty concerns the high mass surface
density of J1604-2130. Photoevaporation winds contin-
uously remove material from the disk surface. When a
gap as large as tens of AU is opened, the surface den-
sity of the outer disk is expected to be less than 0.1 g
cm−2 (Alexander et al. 2006b; Alexander & Armitage
2007; Gorti et al. 2009). The gas surface density of
J1604-2130 at the truncation edge is ∼10 g cm−2 (as-
suming a gas-to-dust ratio of 100), far too massive to be
explained by photoevaporation.
Tidal interactions with low mass companions. Here,
interactions between brown dwarf companions and the
disk are unlikely to be the cause of the J1604-2130
cavity.Kraus et al. (2008) have ruled out the presence of
a close companion with aperture masking interferome-
try (0.06M⊙ down to ∼2AU, and 0.01M⊙ down to ∼9
AU); while Ireland et al. (2011) have placed upper lim-
its on companion masses of 0.07-0.005M⊙ at separations
from 60-300 AU using adaptive optics. We thus compare
the CO and dust radial structure with the predictions of
disk tidal interactions with planets.
The disk-planet interaction scenario can naturally ex-
plain the large morphological differences in the gas and
dust emission in J1604-2130. Recent disk-planet dynami-
cal models (e.g. Pinilla et al. 2012; Zhu et al. 2012) have
begun to incorporate dust coagulation and fragmenta-
tion processes in hydrodynamical simulations. One of
the key features of these new models is that the differ-
ence between the planet orbital radius and the peak of
surface density of mm-sized particles may be as large as
tens of AU if the planet is sufficiently massive. A gi-
ant planet not only opens a gap in the disk, but also
produces a local pressure maximum where dust particles
within some size range can be trapped. The planet orbit
and local pressure maximum separation depends on the
mass of the planet – the more massive the planet, the
larger the separation. For example, Pinilla et al. (2012)
showed that the local pressure maximum can be located
at more than twice the planet orbital radius for a 9MJup
planet.
A planet-induced disk pressure trap is also consistent
with the high concentration of mm-sized dust in J1604-
2130. Because the efficiency of dust trapping is size-
dependent, the general observable outcome would be
that the large grains are trapped into the local pressure
maximum while small grains and gas should persist in
a more diffuse distribution (de Juan Ovelar et al. 2013).
As shown in Figure 8, J1604-2130 has most of its mm-
sized dust mass concentrated in a highly radially confined
ring. Further, Mayama et al. (2012) reported that the
1.6 µm polarized intensity images (tracing micron-sized
particles) that peak at ∼63AU, which is 15AU closer to
the central star than the 880 µm emission. The 1.6µm
data also show that scattered light extends inwards to
∼40AU (smaller separations lie within their saturation
radius).
5.3. Pressure trap and evolution
In the ALMA 880 µm continuum and CO J=3-2 emis-
sion maps, J1604-2130 appears to be regular and largely
azimuthally symmetric – but with the dust highly con-
centrated in a narrow ring. A similar morphology has
recently been reported in the evolved circumbinary disk
around V4046 Sgr (Rosenfeld et al. 2013a). In con-
trast, large azimuthal asymmetry features have been ob-
served in several transitional disks (Brown et al. 2009;
Regaly et al. 2012; Isella et al. 2013; van der Marel et al.
2013; Pe´rez et al. 2014), possibly caused by extended
vortices created by planet-disk tidal forces or large vis-
cosity gradients. Intriguingly, the two types of dust
morphologies (azimuthal asymmetry and symmetry) are
both consistent with the idea of a pressure trap, but are
expected at different evolutionary stages.
Fu et al. (2014), for example, show that the emergence
and lifetime of the vortices created by planets strongly
depend on the disk viscosity – with vortices typically
diffusing into a ring-like structures at later stages –while
simulations of vortices caused by large viscosity gradi-
ents demonstrate that the vortices and rings appear al-
ternately (see Figure 3 in Regaly et al. 2012). To make
any further statement about the nature of these dust
concentrations in disks, other manifestations of pressure
trap must be observed, such as the expected radial vari-
ation of the dust-to-gas mass ratio, as well as disks at
different evolutionary stages.
5.4. Dust inside the cavity
Transitional disks were first identified through the dip
in their infrared SED, suggesting that warm dust near
the central star is substantially depleted (Skrutskie et al.
1990). Since the infrared dust emission is usually opti-
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. J1604-2130 has the largest dust cavity among the thirteen disks, while its mass distribution is among the most compact.
cally thick, only lower limits to dust mass can be de-
rived from the SED (Andrews et al. 2011). In contrast,
the millimeter wavelength dust emission probes much
larger column densities, but spatially resolved millime-
ter images have so far lacked the sensitivity to constrain
the dust density inside the cavity. There is one case,
LkCa 15, in which a small amount of 870 µm contin-
uum emission has been detected inside the dust cavity,
leading to an estimated surface density ∼5 times lower
than the regions immediately beyond the dust cavity
(Andrews et al. 2011). Our observation of J1604-2130
also shows detectable emission (at ∼10σ) inside the cav-
ity with a surface density of mm-sized particles nearly
∼100 times lower than that of the disk beyond the dust
cavity. In both cases, the depletions estimated from sub-
mm images are significantly higher than the 10−6– 10−5
typical lower limit from the transition disk SED analysis
(Andrews et al. 2011). We stress, however, that the two
depletion factors are difficult to quantitatively compare
because the IR emission mostly arises from small dust
grains (∼µm size) in the disk atmosphere while the sub-
mm emission is mainly from large grains (∼mm-sized)
close to the mid-plane of the disk.
5.5. Outer disk radius
The CO J=3-2 emission of J1604-2130 appears to ex-
tend to a radial distance much larger than the associ-
ated 880 µm continuum (see Figures 1 and 2). Similarly
large discrepancies between continuum and gas emission
have been observed in several other protoplanetary disks
(Pie´tu et al. 2005; Isella et al. 2007; Panic et al. 2009;
Andrews et al. 2012; Rosenfeld et al. 2013b). It has be-
ing debated whether the apparent size discrepancy re-
flects actual differences in the outer radii of dust and
gas in these disks. Hughes et al. (2008) suggested that
the apparent discrepancy may be due to optical depth
effects, and demonstrated that models with a tapered
exponential edge in the surface density profile could bet-
ter reproduce the dust and gas observations. There
are some cases, however, where tapered surface density
profiles are unable to simultaneously reproduce the CO
and dust observations (Panic et al. 2009; Andrews et al.
2012; Rosenfeld et al. 2013b). In such cases, a radially
varying gas-to-dust mass ratio is required to explain the
observations. For the case of J1604-2130, we find that
a tapered surface density profile and radially invariant
gas-to-dust ratio is consistent with the current CO and
continuum observations. Future high spatial resolution
observation of optically thin transitions (e.g. CO iso-
topologue lines) are necessary to distinguish if the outer
edge of gas and dust in J1604-2130 are truncated at dif-
ferent radii.
6. SUMMARY
In this paper, we have studied the radial structure of
the transitional disk J1604-2130 with sensitive ALMA
data of the 880 µm continuum and CO J = 3-2 line emis-
sion. The key conclusion of our analysis are:
• Both the dust continuum and CO gas show central
cavities in the synthesized images but the gas trun-
cation radius is about half that of the dust (RCO =
31AU vs. Rcav = 79AU). The presence of a large
gas cavity rules out the possibility of dust growth
as the main mechanism for the central depletion.
A large separation in the edges of gas and dust is
not predicted by photoevaporation models, but is
expected for massive planet-disk interactions.
• Dust inside the cavity is detected in the 880 µm
continuum, but with a surface density 100 times
lower than that just beyond the dust truncation
radius. The estimated dust mass inside the dust
cavity is ∼1.1M⊕.
• 80% of the dust mass is concentrated in an annulus
extending between 79 and 114AU in radius. This
morphology is qualitatively consistent with the ac-
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cumulation of dust grains in a local pressure bump
such as that generated by the dynamical interac-
tion between a gas giant planet and the disk.
We thank Crystal Brogan and Steve Myers for
their assistance with the data reduction. The Na-
tional Radio Astronomy Observatory is a facility of
the National Science Foundation operated under co-
operative agreement by Associated Universities, Inc.
This paper makes use of the following ALMA data:
ADS/JAO.ALMA#2011.0.00526.S. ALMA is a partner-
ship of ESO (representing its member states), NSF
(USA) and NINS (Japan), together with NRC (Canada)
and NSC and ASIAA (Taiwan), in cooperation with the
Republic of Chile. The Joint ALMA Observatory is op-
erated by ESO, AUI/NRAO and NAOJ. A.I. and J.M.C.
acknowledge support from NSF awards AST-1109334
and AST-1140063. K.Z. and G.A.B. gratefully acknowl-
edge funding provided by NSF award AST-1109857 and
NASA grant NNX11AK86G.
REFERENCES
Aikawa, Y., Miyama, S. M., Nakano, T., & Umebayashi, T. 1996,
ApJ, 467, 684
Alexander, R. 2014, in IAU Symposium, Vol. 299, IAU
Symposium, ed. M. Booth, B. C. Matthews, & J. R. Graham,
179–189
Alexander, R. D., & Armitage, P. J. 2007, MNRAS, 375, 500
Alexander, R. D., Clarke, C. J., & Pringle, J. E. 2006a, MNRAS,
369, 216
—. 2006b, MNRAS, 369, 229
Andrews, S. M., Rosenfeld, K. A., Wilner, D. J., & Bremer, M.
2011, ApJ, 742, L5
Andrews, S. M., & Williams, J. P. 2007, ApJ, 659, 705
Andrews, S. M., Wilner, D. J., Espaillat, C., et al. 2011, ApJ,
732, 42
Andrews, S. M., Wilner, D. J., Hughes, A. M., et al. 2012, ApJ,
744, 162
Artymowicz, P., & Lubow, S. H. 1994, AJ, 421, 651
Beckwith, S. V. W., & Sargent, A. I. 1991, ApJ, 381, 250
—. 1993, ApJ, 402, 280
Birnstiel, T., Andrews, S. M., & Ercolano, B. 2012, A&A, 544,
A79
Brown, J. M., Blake, G. A., Qi, C., Dullemond, C. P., & Wilner,
D. J. 2008, ApJ, 675, L109
Brown, J. M., Blake, G. A., Qi, C., et al. 2009, ApJ, 704, 496
Bruderer, S. 2013, A&A, 559, 46
Bruderer, S., van der Marel, N., van Dishoeck, E. F. v., & van
Kempen, T. A. 2014, A&A, 562, 26
Bryden, G., Chen, X., Lin, D. N. C., Nelson, R. P., & Papaloizou,
J. C. B. 1999, ApJ, 514, 344
Carpenter, J. M., Mamajek, E. E., Hillenbrand, L. A., & Meyer,
M. R. 2006, ApJ, 651, L49
—. 2009, ApJ, 705, 1646
Carpenter, J. M., Ricci, L., & Isella, A. 2014, ApJ, 787, 42
Casassus, S., van der Plas, G., M, S. P., et al. 2013, Nature, 493,
191
Clarke, C. J., Gendrin, A., & Sotomayor, M. 2001, MNRAS, 328,
485
Crida, A., Morbidelli, A., & Masset, F. 2006, Icarus, 181, 587
Cutri, R. M., Skrutskie, M. F., van Dyk, S., et al. 2003, VizieR
Online Data Catalog, 2246, 0
Dahm, S. E., & Carpenter, J. M. 2009, AJ, 137, 4024
D’Alessio, P., Calvet, N., & Hartmann, L. 2001, ApJ, 553, 321
D’Alessio, P., Calvet, N., Hartmann, L., Franco-Herna´ndez, R., &
Serv´ın, H. 2006, ApJ, 638, 314
de Juan Ovelar, M., Min, M., Dominik, C., et al. 2013, A&A, 560,
111
de Zeeuw, P. T., Hoogerwerf, R., de Bruijne, J. H. J., Brown,
A. G. A., & Blaauw, A. 1999, AJ, 117, 354
DENIS Consortium. 2005, VizieR Online Data Catalog, 2263, 0
Draine, B. T. 2003, ApJ, 598, 1017
Dullemond, C. P., & Dominik, C. 2004, A&A, 417, 159
—. 2005, A&A, 434, 971
Dutrey, A., Guilloteau, S., Duvert, G., et al. 1996, A&A, 309, 493
Dutrey, A., Guilloteau, S., Pie´tu, V., et al. 2008, A&A, 490, L15
Fu, W., Li, H., Lubow, S., & Li, S. 2014, arXiv.org, 1405.7379v1
Gorti, U., Dullemond, C. P., & Hollenbach, D. 2009, ApJ, 705,
1237
Hughes, A. M., Wilner, D. J., Qi, C., & Hogerheijde, M. R. 2008,
ApJ, 678, 1119
Hughes, A. M., Andrews, S. M., Espaillat, C., et al. 2009, ApJ,
698, 131
Ireland, M. J., Kraus, A., Martinache, F., Law, N., &
Hillenbrand, L. A. 2011, ApJ, 726, 113
Isella, A., Carpenter, J. M., & Sargent, A. I. 2009, ApJ, 701, 260
Isella, A., Natta, A., Wilner, D., Carpenter, J. M., & Testi, L.
2010, ApJ, 725, 1735
Isella, A., Pe´rez, L. M., & Carpenter, J. M. 2012, ApJ, 747, 136
Isella, A., Pe´rez, L. M., Carpenter, J. M., et al. 2013, ApJ, 775, 30
Isella, A., Testi, L., & Natta, A. 2006, A&A, 451, 951
Isella, A., Testi, L., Natta, A., et al. 2007, A&A, 469, 213
Kamp, I., & Dullemond, C. P. 2004, ApJ, 615, 991
Kraus, A. L., Ireland, M. J., Martinache, F., & Lloyd, J. P. 2008,
ApJ, 679, 762
Lin, D. N. C., & Papaloizou, J. 1979, MNRAS, 186, 799
Luhman, K. L., & Mamajek, E. E. 2012, ApJ, 758, 31
Lynden-Bell, D., & Pringle, J. E. 1974, MNRAS, 168, 603
Mathews, G. S., Pinte, C., Ducheˆne, G., Williams, J. P., &
Me´nard, F. 2013, A&A, 558, 66
Mathews, G. S., Williams, J. P., & Me´nard, F. 2012, ApJ, 753, 59
Mathews, G. S., Williams, J. P., Me´nard, F., et al. 2012, ApJ,
745, 23
Mayama, S., Hashimoto, J., Muto, T., et al. 2012, ApJ, 760, L26
McMullin, J. P., Waters, B., Schiebel, D., Young, W., & Golap,
K. 2007, in Astronomical Society of the Pacific Conference
Series, Vol. 376, Astronomical Data Analysis Software and
Systems XVI, ed. R. A. Shaw, F. Hill, & D. J. Bell, 127
Miyake, K., & Nakagawa, Y. 1993, Icarus, 106, 20
Monet, D. G. 1998, in Bulletin of the American Astronomical
Society, Vol. 30, American Astronomical Society Meeting
Abstracts, 120.03
Muzerolle, J., Flaherty, K., Balog, Z., et al. 2009, ApJ, 704, L15
Panic, O., Hogerheijde, M. R., Wilner, D., & Qi, C. 2009, A&A,
501, 269
Pecaut, M. J., Mamajek, E. E., & Bubar, E. J. 2012, ApJ, 746,
154
Pe´rez, L. M., Isella, A., Carpenter, J. M., & Chandler, C. J. 2014,
ApJ, 783, L13
Pie´tu, V., Dutrey, A., & Guilloteau, S. 2007, A&A, 467, 163
Pie´tu, V., Dutrey, A., Guilloteau, S., Chapillon, E., & Pety, J.
2006, A&A, 460, L43
Pie´tu, V., Guilloteau, S., & Dutrey, A. 2005, A&A, 443, 945
Pinilla, P., Benisty, M., & Birnstiel, T. 2012, A&A, 545, 81
Pollack, J. B., Hollenbach, D., Beckwith, S., et al. 1994, ApJ, 421,
615
Pontoppidan, K. M., Meijerink, R., Dullemond, C. P., & Blake,
G. A. 2009, ApJ, 704, 1482
Preibisch, T., Brown, A. G. A., Bridges, T., Guenther, E., &
Zinnecker, H. 2002, ApJ, 124, 404
Regaly, Z., Juha´sz, A., Sandor, Z., & Dullemond, C. P. 2012,
MNRAS, 419, 1701
Rosenfeld, K. A., Andrews, S. M., Hughes, A. M., Wilner, D. J.,
& Qi, C. 2013a, ApJ, 774, 16
Rosenfeld, K. A., Andrews, S. M., Wilner, D. J., Kastner, J. H.,
& McClure, M. K. 2013b, ApJ, 775, 136
Salyk, C., Blake, G. A., Boogert, A. C. A., & Brown, J. M. 2009,
ApJ, 699, 330
Simon, J. B., Armitage, P. J., & Beckwith, K. 2011, ApJ, 743, 17
Skrutskie, M. F., Dutkevitch, D., Strom, S. E., et al. 1990, ApJ,
99, 1187
Strom, K. M., Strom, S. E., Edwards, S., Cabrit, S., & Skrutskie,
M. F. 1989, AJ, 97, 1451
Suzuki, T. K., & Inutsuka, S.-i. 2009, ApJ, 691, L49
Tang, Y. W., Guilloteau, S., Pie´tu, V., et al. 2012, A&A, 547, 84
Testi, L., Birnstiel, T., Ricci, L., et al. 2014, Protostars and
Planets VI, astro-ph/1402.1354
van der Marel, N., van Dishoeck, E. F. v., Bruderer, S., et al.
2013, Science, 340, 1199
Walsh, C., Nomura, H., Millar, T. J., & Aikawa, Y. 2012, ApJ,
747, 114
Woitke, P., Kamp, I., & Thi, W.-F. 2009, A&A, 501, 383
Wolk, S. J., & Walter, F. M. 1996, AJ, 111, 2066
Zacharias, N., Monet, D. G., Levine, S. E., et al. 2005, VizieR
Online Data Catalog, 1297, 0
Zhu, Z., Nelson, R. P., Dong, R., Espaillat, C., & Hartmann, L.
2012, ApJ, 755, 6
Zubko, V. G., Mennella, V., Colangeli, L., & Bussoletti, E. 1996,
MNRAS, 282, 1321
